The paper uses the "membrane hypothesis" to formulate the confining behavior of fiber The minimum corner radius of the sections is also recommended to achieve sufficient confinement.
Introduction
Fiber Reinforced Polymers (FRP) have been commonly used to strengthen existing reinforced concrete (RC) columns. This use of FRP has been proven to increase the strength, stiffness and ductility of the strengthened columns. The use of FRP in industry has required design guidelines for these applications. Many strength models for FRP confined concrete columns, therefore, were proposed to simulate the behavior of confined concrete columns (Spoelstra and Monti 1999; Chaallal et al. 2003a; Lam and Teng 2003a; Harajli et al. 2006; Wu and Wang 2009; Cui and Sheikh 2010; Lee et al. 2010; Wu and Zhou 2010; Yazici and Hadi 2012) . Most of the existing models based on Richart et al. (1928) are for circular sections causing uniform confining pressure, which can be estimated based on the strength and thickness of the FRP and the diameter of the sections.
Meanwhile, there are far fewer models for FRP confined rectangular columns as compared to circular columns (Lam and Teng 2003b; Wu and Wang 2009; Toutanji et al. 2010; Wu and Wei 2010; Wu and Zhou 2010) . The confining pressure of a FRP confined rectangular column around its perimeter is not uniform. This non-uniform confining pressure leads to many difficulties to formulate the pressure distribution by a mechanical solution. Most of the existing models for rectangular sections are quite similar to circular sections except that a shape factor is introduced to account for the non-uniform confinement. In addition, the equivalent confining pressure in such cases is calculated based on mechanism analysis of circular sections. The differences between these models are the shape factor and the definition of the equivalent diameter of the rectangular sections. Therefore, analyzing the mechanism of FRP confined rectangular columns at the corners to create a model is an interesting concern of the research society. This study introduces an approach to propose a model by focusing on the stress concentration at the corners of the sections. M a n u s c r i p t
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4 negligible. For simplicity, the term "rectangular columns" in this study is used for rectangular columns with round corners.
Confining pressure of FRP confined rectangular concrete columns
When a FRP confined rectangular concrete column is subjected to an axial load, the concrete laterally expands and is confined by the FRP. The tension force of the jacket at the rupture state is calculated as follows:
where f fe is the actual tensile stress of FRP, E f is the elastic modulus of FRP, and fe is the actual strain of FRP at rupture.
Substituting Eq. 2 into Eq. 1, the confining pressure of the FRP confined rectangular concrete column at the corners is identical to that for a circular section, and is calculated as follows:
where f l is the nominal confining pressure of the confined column, t is the nominal thickness of FRP, n is the number of FRP layers, and r is the corner radius.
It is assumed that the radius of the curvature at middle of the section sides (as the column is bulging under an axial load) is much greater than that at the corners. As a result from Eq. 3, the confining pressure of the column at the middle of the sides is rather small and could be negligible. Therefore, the appropriate confining stress of a FRP confined rectangular column should be at the corners. Bakis et al. (2002) similarly concluded that the confining stress is transmitted to the concrete at the four corners of the section. The actual rupture strain of FRP at the corners of the columns should be considered and recorded, which was recommended by Wang et al. (2012) as well. Also, Csuka and Kollár (2012) analytically proved that the distribution of the confining pressure of the FRP confined square columns is concentrated at the section corners, as shown in Fig. 1b . M a n u s c r i p t
Experimental Behavior of FRP confined rectangular columns

Test database
The number of specimens for an acceptable database was investigated before collating data of tested specimens. Table 1 summarizes the number of specimens of a few published models from the literature. Several experimental studies have been conducted on FRP confined rectangular or square concrete columns by researchers over the past few decades. This study collated a test database of 190 FRP confined rectangular concrete columns, as shown in Table   2 , reported by Rochette and Labossière (2000) The aspect ratio of the specimens ranged from 1 to 2.7, among which: 1 (138 specimens), 1.3
(16 specimens), 1.5 (12 specimens), 1.7 (12 specimens), 2 (6 specimens), and 2.7 (6 specimens).
In the above studies, reported FRP hoop strains were the average values from strain gages at the critical regions, or were taken to be the same as lateral strains deduced from measurement of linear variable differential transformers (LVDTs) at the midheight of specimens. Only the hoop strains measured by strain gages were utilized in creating a model for estimating the M a n u s c r (2007) . However, the FRP properties provided by manufacturers in these studies are quite similar to the tensile properties of FRP tested by the other researchers. Those test results also fit very well with the selected models so that they were included in this database.
Failure modes and distribution of FRP strain
The specimens in Table 2 In addition, the confinement is assumed to be available at the high curvature locations (e.g., corners of the sections) as presented in Eq. 1. Confinement is, therefore, only appropriate at the corners of the sections. For convenience, the phrase "rupture strain of FRP" stands for the rupture strain of FRP at the corners of the sections.
Rupture strain of FRP in rectangular sections
Wang and Wu (2008) conducted experiments to investigate the effect of corner radius on the rupture strain of FRP. They showed that when the radius of the corners increases, the rupture strain of FRP generally increases. An investigation was also conducted in the database reported in this study to yield the same result. It is assumed that the FRP rupture strain is dependent on the ratio of the corner radius and the side length, which could be 2r/b or 2r/h. In addition, Wu and Wei (2010) investigated the effects of the aspect ratio (h/b) on the rupture strain of FRP. They depicted that when the aspect ratio (h/b) ranged from 1 to 2, the FRP rupture strains at corners of rectangular sections were identical or close together. It means that the FRP rupture strain maintained at a certain value as tested columns had different long side length of sections but same short side length of section and material properties (unconfined concrete strength, number of FRP layers, and corners radius). In such cases, these columns had the same ratio of the corner radius and the short side length (2r/b). Therefore, this study assumed that the actual rupture strain of FRP is a function of the ratio of the corner radius and the shorter side length (2r/b). 
where f co ' is the unconfined concrete strength (in MPa), co is its corresponding strain, and D is the diameter of circular sections.
As this study deals with rectangular sections, the above equation was modified by replacing D/2 with r, which is the corner radius of rectangular sections as follows:
In order to use Eq. 5, when the value of co was not specified by the database, it was calculated as follows (Tasdemir et al. 1998) :
In conclusion, it is assumed that the actual rupture strain of FRP is a function of the ratio of the corner radius and the shorter side length (2r/b), and the confinement stiffness ratio (R s ). Fig. 2 shows the relationship between the FRP strain efficiency factor (k ), which is the ratio of the actual rupture strain of FRP and the ultimate strain of FRP from flat coupon tensile tests, and the factor A defined as follows:
where b is the shorter side length of the column section. According to the linear regression analysis, the following value of the FRP strain efficiency factor (k ) was obtained for FRP confined rectangular columns:
In order to generate Eq. 8, the rupture strain of FRP at the corners of sections needs to be reported. Only a few specimens in Table 2 reported the FRP rupture strain at the corners of sections. Thus, the database used to generate Eq. 8 is smaller than the database used to verify the proposed model. Based on Fig. 2 , the FRP strain efficiency factor varied between 0.4 and 0.7. It is conservatively recommended that the FRP strain efficiency factor is neither less than 0.4 nor greater than 0.7.
The proposed model
The equation for confined concrete strength
As mentioned above, the confining pressure of a FRP confined rectangular column is not uniform around the perimeter of the sections. Thus the FRP confinement herein is only to account for confinement effect at the corners. The corner effect ratio (k c ) introduced by Pham and Hadi (2013) was utilized to calculate the effective confining pressure (f l,e ). The corner effect ratio is the ratio of the total length of four round corners and the circumference of the section as follows:
Where the nominal confining pressure (f l ) was calculated from Eq. 3, and b and h are respectively the short and long sides of the column section.
The experimental stress-strain curves show two typical types including ascending and descending branches. In most cases, a FRP confined concrete column is expected to provide an ascending type curve which exhibits the well-known bilinear shape. This curve ends with the rupture of the confining jacket at the ultimate point defined by the compressive strength In brief, Eq. 11 was used to calculate the compressive strength of confined concrete for specimens which have sufficient confinement. In such cases, the effective confining pressure (f l,e ) of specimens needs to be greater than a certain value estimated from Eq. 12.
The minimum amount of FRP for sufficient confinement
A FRP confined concrete column exhibits the ascending type curve is defined as the sufficient confinement. In such a case, a significant improvement of the compressive strength and strain of a FRP confined concrete column could be expected. Otherwise, FRP confined concrete with a stress-strain curve of the descending type illustrates a concrete stress at the ultimate strain below the compressive strength of unconfined concrete. It is obvious that a confined column needs a minimum amount of FRP to obtain the sufficient confinement. Fig. 4 shows the relationship between the normalized compressive strength and the normalized effective confining pressure. From Fig. 4 , in order to avoid the descending type specimens, the normalized effective confining pressure should not be less than 0.15 as follows:
Briefly, the proposed model is summarized by the following steps: (1) the FRP strain efficiency factor (k ) is estimated using Eq. 8; (2) the effective confining pressure (f l,e ) is M a n u s c r i p t
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11 calculated using Eqs. 9-10; and (3) the compressive strength of confined concrete (f cc ' ) is computed as recommended in Eq. 11.
Verification of the proposed model
The model performance was tested by using three statistical indicators: the mean square error (MSE), the average absolute error (AAE), and the standard deviation (SD) as determined by Eqs. 13 -15. 
where pre is the model predictions, exp is the experimental results, the subscript "avg" means the average value, and N is the total number of the test data. In general, the mean square error shows the errors to be more significant compared to the average absolute error so that it was used to emphasize the precision of the selected models. Although the establishment of the proposed model was based on the database of the ascending type specimens, the proposed model was also validated with the full database (including the descending type specimens) to verify its applicability to the descending type specimens. 2. The corner effect ratio (k c ) was accounted for the effects of the non-uniform confining pressure around rectangular sections. It was used to distribute equally the confining pressure at corners of rectangular sections to the whole circumference of the sections.
3. The actual rupture strain of FRP at corners of the sections depends on the ratio of the corner radius and the length of the shorter side, the confinement stiffness ratio as presented in Eq. 5. An equation was proposed to calculate the actual rupture strain of FRP.
4. The limit of FRP amount to obtain sufficient confinement was proposed. This limit is based not only on the ratio of the corner radius and the length of the shorter side but also the confinement stiffness ratio.
Finally, this paper used the "membrane hypothesis" to formulate the confining behaviors of Tables   Table 1. Summary of published models 
List of
